Abstract The Intergovernmental Panel on Climate Change (IPCC) fifth assessment of projected global and regional ocean temperature change is based on global climate models that have coarse (100 km) ocean and atmosphere resolutions. In the Northwest Atlantic, the ensemble of global climate models has a warm bias in sea surface temperature due to a misrepresentation of the Gulf Stream position; thus, existing climate change projections are based on unrealistic regional ocean circulation. Here we compare simulations and an atmospheric CO 2 doubling response from four global climate models of varying ocean and atmosphere resolution. We find that the highest resolution climate model (10 km ocean, 50 km atmosphere) resolves Northwest Atlantic circulation and water mass distribution most accurately. The CO 2 doubling response from this model shows that upper-ocean (0-300 m) temperature in the Northwest Atlantic Shelf warms at a rate nearly twice as fast as the coarser models and nearly three times faster than the global average. This enhanced warming is accompanied by an increase in salinity due to a change in water mass distribution that is related to a retreat of the Labrador Current and a northerly shift of the Gulf Stream. Both observations and the climate model demonstrate a robust relationship between a weakening Atlantic Meridional Overturning Circulation (AMOC) and an increase in the proportion of Warm-Temperate Slope Water entering the Northwest Atlantic Shelf. Therefore, prior climate change projections for the Northwest Atlantic may be far too conservative. These results point to the need to improve simulations of basin and regional-scale ocean circulation.
Introduction
The IPCC's fifth assessment of projected global and regional ocean temperature change [Collins et al., 2013] is based on global climate models that have relatively coarse (100 km) ocean and atmosphere resolutions [Flato et al., 2013] . These models are sometimes too coarse to resolve regional dynamics that might affect the uncertainty of climate change projections at regional to local scales [Stock et al., 2011] .
In the Northwest Atlantic, particularly within the U.S. Northeast Continental Shelf, the global climate models assessed by the IPCC have a warm bias in sea surface temperature [Wang et al., 2014] due to the Gulf Stream separating from the U.S. coast too far to the north of Cape Hatteras, North Carolina. Known as the ''Gulf Stream separation problem'' [Dengg et al., 1996] , this bias continues to exist in many global climate models that have an ocean component that is too coarse (100 km) in horizontal resolution [Bryan et al., 2007, and references therein] . Moreover, the coarse climate models cannot resolve the fine-scale bathymetry of the Shelf such as deep canyons, channels, and banks (i.e., Georges Bank). These topographic features impact the regional circulation of the Northwest Atlantic Shelf [Townsend et al., 2006] (Figure 1 ). The Northwest Atlantic Ocean and Shelf is a region where colder, fresher Shelf and Slope Waters from the North (Labrador Current) converges with warmer, saltier Slope and Gulf Stream Waters from the South (Figure 1 ). The major throughway by which the mix of Slope Waters enters the Shelf at depth (150-200 m) is the Northeast Channel [Mountain, 2012] located in the Gulf of Maine (Figure 1 ).
To understand the impacts of climate change on the Northwest Atlantic Ocean and Shelf ecosystems, regional circulation and bathymetry in global climate models need to be improved. However, increasing the resolution of global climate models is computationally intensive [Stock et al., 2011] and thus only a small number of these climate models exist. Here we used a high-resolution global climate model (CM2.6) developed at the NOAA Geophysical Fluid Dynamics Laboratory (GFDL) to understand climate change impacts on the Northwest Atlantic when regional ocean circulation and bathymetry is more accurately resolved. We analyzed a hierarchy of four GFDL climate models from low resolution to high resolution (CM2.1, CM2.5-FLOR, CM2.5, CM2.6) and compared model bias relative to observed data. We also compared each model's transient climate response (atmospheric CO 2 doubling) over the course of an 80 year experimental run.
Models, Experiments, and Data

Global Climate Models
Details on each climate model's atmosphere/ocean horizontal and vertical resolution are in Table 1 . Each climate model used in the analysis is a coupled atmosphere-ocean-land-sea ice global model. The ocean component in CM2.1 [Delworth et al., 2006] and CM2.5-FLOR [Vecchi et al., 2014] both have 18 (100 km) average horizontal resolution but differ in their atmosphere resolution [CM2.1 5 28 (24 levels); CM2.5-FLOR 5 0.58 (32 levels)]. Both CM2.5 [Delworth et al., 2012] and CM2.6 Winton et al., 2014] use the same atmosphere component as in CM2.5-FLOR but have higher resolution ocean components [CM2.5 5 0.258 (25 km); CM2.6 5 0.18 (10 km)]. Eddy parameterization is included in the ocean components of CM2.1 and CM2.5-FLOR due to the coarse grids but is absent in CM2.5 and CM2.6 . All ocean components have 50 vertical levels down to 5500 m. 
Experiments
All models were initialized in the same manner such that their 1860 control simulations (global atmospheric CO 2 fixed at the year 1860 concentration) were initialized from present-day ocean conditions. The spin-up time for each model was 100 years. To calculate each model's climate change response, we used a 1%/yr increase in global atmospheric CO 2 run that went up to 80 years (CO 2 doubles at year 70) and subtracted each model's 1860 control simulation for the corresponding years or months. To account for model drift in the 1860 control simulations, we only calculated climate change differences between corresponding years or months as done in Delworth et al. [2012] and Winton et al. [2014] . We also used 1990 control simulations (global atmospheric CO 2 fixed at the year 1990 concentration) for each model to calculate biases in temperature and salinity. Further details on each model and the experiments can be found in Delworth et al. [2006 Delworth et al. [ , 2012 , Griffies et al. [2015] , Vecchi et al. [2014] , and Winton et al. [2014] . Figure 3 derive from water mass temperature and salinity observations described in Mountain [2012] . Observed bathymetry was from the 2014 GEBCO 30-arc sec grid (http://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_30_ second_grid). Shelf and Slope Water intrusions within the Northeast Channel ( Figure 3) were calculated based on methods described in Mountain [2012] .
For sea surface temperature observations, we calculated an annual climatology using daily 0.258 NOAA OISST (Reynolds; http://www.ncdc.noaa.gov/oisst/data-access) from 1981 to 2013. In situ temperature and salinity measurements (surface and bottom) within the U.S. Northeast Shelf were used to create bimonthly 0.258 climatologies. The March-April climatology is based on a relatively large number of observations. All model biases were calculated by first regridding each climate model's ocean output to the same grid as observations. Journal of Geophysical Research: Oceans 10.1002/2015JC011346 along 26.58N, which can be obtained by decomposing it into three parts: transport through the Florida Straits, flow induced by the interaction between wind and the ocean surface (Ekman transport), and transport related to the difference in sea water density between the American and African continents (http://www.rapid.ac.uk/rapidmoc).
Results and Discussion
Model Bias
Bias in the coastal separation position of the Gulf Stream (warm and salty bias along Shelf) that is common to coarse models is nearly eliminated as ocean and atmosphere model resolution increases (Figures 2a and 2b) . Interestingly, the annual warm bias in SST on the Shelf is in CM2.5-FLOR is eliminated ( Figure 2a ). This is likely due to the higher resolution of CM2.5-FLOR's atmosphere (50 km) compared to CM2.1 (200 km) leading to a better representation of surface wind stress. However, the warm and salty bias in the ocean surface becomes apparent in CM2.5-FLOR when it is compared to a bimonthly (March-April) in situ climatology ( Figure 2b ). Both CM2.5 and CM2.6 resolve the detailed bathymetry that allows for the passage of Slope Water through the Northeast Channel and into the Northwest Atlantic Shelf system ( Figure 3) . In CM2.6, the modeled interannual variability of Slope Water intrusions into the Gulf of Maine is nearly identical to observations in terms Generally, CM2.6 has the least bias in global SST relative to CM2.1 and CM2.5 although the North Atlantic Current in CM2.5-FLOR, CM2.5, and CM2.6 is too far to the south causing a cold bias in sea surface temperature between 358N and 458N ( Figure 2a ). This cold bias in the North Atlantic Current region is very robust and can be as high as 2108C [Delworth et al., 2012] . It is suggested that this cold bias is associated with a misrepresentation of Northern overflows (refer to section 3.3), particularly in the Nordic Sea where deep water crosses through the Greenland-Iceland-Scotland ridge contributing to North Atlantic Deep Water and is part of the deep branch of AMOC [Zhang et al., 2011] . However, our analysis is focused on the Northwestern region of the Gulf Stream where model bias in the coastal separation of the Gulf Stream is substantially reduced (Figure 2b ). Figures 4b and 4c , ocean temperature change is smoothed by a 10 year moving average and is based on monthly differences between the 23 CO 2 run and the preindustrial control run. Refer to Figure  4b ), a warming rate that is two to three times faster than its global average ( Figure 4c ) and twice as fast as the coarsest climate model (CM2.1) (Figure 4b ). The two models of intermediate resolution (CM2.5-FLOR and CM2.5) have a warming that is greater than coarsest model (CM2.1) but not nearly as high as the highresolution model (CM2.6; Figure 4b ). The CM2.6 warming for the Northwest Atlantic is about 28C warmer compared to the coarsest climate model (CM2.1) (Figure 4b ).
To understand how much of the Northwest Atlantic warming differences are attributed to natural variability versus CO 2 doubling, we examined ocean temperature variability in each climate model's control simulation that has no change in radiative forcing. Over an 80 year period (same model years in Figure 4b ) in each model's control simulation, Northwest Atlantic (658W to 758W, 358N to 458N) upper-ocean (0-300 m depth) temperature varies on a decadal time-scale that is 60.138C (CM2.1), 60.208C (CM2.5), 60.408C (CM2.6), and 60.488C (CM2.5-FLOR). Therefore, the magnitude of natural decadal variability in each of these models does not exceed the difference in warming between CM2.6 and the other three models during the last 20 years of the CO 2 doubling experiment (Figure 4b ).
The cooling of the subpolar North Atlantic (408N to 608N) occurs in all four models but varies in magnitude ( Figure 4a ). As shown in Winton et al. [2014] , these differences are a function of each model's Atlantic Meridional Overturning Circulation (AMOC) weakening rate under a transient climate response such that those models with the most pronounced AMOC weakening (i.e., CM2.5-FLOR) also have the most pronounced cooling of the subpolar North Atlantic. Moreover, Winton et al. [2014] associated the enhanced warming of the Southern Ocean in CM2.6 (Figure 4a ) with subsurface heat storage differences (vertical transport below the halocline) between coarse and high-resolution climate models, which may be related to differences in each model's eddy responses or mean circulation states. Resolving mesoscale eddies in global climate models might be critical to transient ocean heat uptake both laterally and vertically .
Examining the ocean change in CM2.6 in more detail, we find an enhanced warming and a more substantial increase in salinity in not only the surface waters of the Northwest Atlantic Ocean but also in the bottom waters of the Northwest Atlantic Shelf (Figures 5a and 5c ). The increase in both temperature and salinity is associated with a northerly shift of the Gulf Stream (Figures 6a and 6b ), a retreat of the Labrador Current (Figure 6a ), and the replacement of cold Labrador Slope Water by warm Atlantic Temperate Slope Water along the Shelf Slope (Figures 7a-7c ; supporting information Movie S1). This water mass replacement leads to a higher proportion of warmer and saltier Atlantic Temperate Slope Water entering the Shelf via the Northeast Channel (Figures 5a, 5c , and 7c).
Associations to AMOC
The North Atlantic Ocean is a region where changes in AMOC should be most pronounced via changes in sea surface temperature and salinity [Stouffer et al., 2006] . Synchronous with a weakening AMOC is a cooling and freshening of the North Atlantic subpolar gyre [Collins et al., 2013; Stouffer et al., 2006; Rahmstorf et al., 2015] . As stated earlier, the magnitude of cooling in the subpolar North Atlantic is proportional to the rate of AMOC weakening under a transient climate response [Winton et al., 2014] . Recent observations and modeling studies in the Northwest Atlantic Ocean point to a robust, inverse relationship between the Atlantic Meridional Overturning Circulation (AMOC) and the position of the Gulf Stream [Zhang, 2008] . bottom topography and associated bottom vortex stretching [Zhang and Vallis, 2007] . A northerly shift in the Gulf Stream is associated with warmer ocean temperature in the Northwest Atlantic Ocean [Zhang and Vallis, 2007] . Therefore, we suggest that the physical mechanism behind the shifts in the Gulf Stream, Labrador Current, and associated water mass replacement along the Northwest Atlantic Shelf is the weakening of AMOC.
The AMOC in CM2.6 weakens by about 3.0 Sv under a CO 2 doubling scenario, which is a greater weakening than in CM2.5 (1.5 Sv) but much less of a weakening than in CM2.5-FLOR (8.7 Sv) and CM2.1 (6.8 Sv) [Winton et al., 2014] . These differences have been attributed to each model's initial strength in AMOC such that those models with an initially weaker AMOC have less of a weakening under climate change [Winton et al., 2014] . We surmise that the warming (cooling) of the Northwest Atlantic (subpolar North Atlantic) in CM2.6 is greater than in CM2.5 because AMOC weakens in CM2.6 twice as much as it does in CM2.5.
In coarse climate models such as CM2.1, the North Atlantic Straights are widened in order to weaken the influence of dense water outflows and thus results in a stronger AMOC [Winton et al., 2014] and a reduced bias in the [Winton et al., 2014] . Under the IPCC RCP8.5 highest-emissions scenario, an ensemble of CMIP5 Earth System Models shows that AMOC is projected to weaken by about 6.0 Sv by the year 2100 [Collins et al., 2013] . Therefore, the AMOC weakening in CM2.6 may be too small and thus any additional weakening may lead to an even greater warming and salinity increase in the Northwest Atlantic Ocean and Shelf.
Observations of the interannual variability of AMOC at 26.58N and Slope Water intrusions in the Northeast Channel (42.258N) are significantly correlated when AMOC is lagged 1-2 years ( Figure 8) . A similar correlation is also reported between observations of sea surface height (lagged 2 years) and ocean temperature in the MiddleAtlantic Bight [Forsyth et al., 2015] with a potential link to AMOC such that increased sea level height in the Shelf may be related to a downturn of AMOC [Goddard et al., 2015] . Further evidence for this mechanism arises from the inverse relationship between modeled AMOC measured at 26.58N and modeled Slope Water intrusions in the Northeast Channel in the 1860 control simulation of CM2.6 (Figure 9 ). Consequently, weakening of AMOC at 26.58N in the CM2.6 atmospheric CO 2 doubling experiment leads to an increase in the proportion of warm and salty Slope Water entering the Gulf of Maine's Northeast Channel (Figure 9 ). A recent study by Sanchez-Franks and found that an AMOC fingerprint was anticorrelated to the Gulf Stream Path from 1955 to 2014. Although the short time series (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) of AMOC and the Gulf Stream Path in Figure 8 are not significantly anticorrelated, the longer time series reported in Sanchez-Franks and was statistically significant with no lag based on a 5 year moving average. Finally, although a large proportion of observed AMOC interannual variability can be attributed to wind forcing [Zhao and Johns, 2014] , the weakening of AMOC in response to increasing atmospheric CO 2 in climate models is predominantly caused by changes in surface heat flux relative to changes in surface water flux [Gregory et al., 2005] .
Summary
In GFDL's CM2.6, the synergy of global warming, the Gulf Stream northerly shift, the Labrador Current retreat, and the increased proportion of Atlantic Temperate Slope Water entering the Shelf cause the enhanced warming of the Northwest Atlantic Ocean and Shelf under a doubling of atmospheric CO 2 . In CM2.1 and the majority of coarse climate models assessed by the IPCC, the Gulf Stream coastal separation from the United States in historical simulations is too far to the north of Cape Hatteras and essentially results in a Gulf Stream than flows directly over most of the U.S. Northeast Continental Shelf. Moreover, the detailed bathymetry (i.e., Northeast Channel) that allows for deeper Slope Water intrusions into the Shelf cannot be resolved in a climate model with a coarse (100 km) ocean component. Therefore, a northern shift in the Gulf Stream in a coarse climate model cannot result in increased Slope Water associated with the Gulf Stream (Atlantic Temperate Slope Water) to enter the Shelf due to its lack of deep channels, which provide a throughway. Moreover, the Northwestern Wall of the Gulf Stream in these coarse models is so close against the U.S. coastline north of Cape Hatteras that there is not much space allowed for a northwestern shift. As discussed in the previous section, the small change in CM2.5's AMOC under an atmospheric CO 2 doubling [Winton et al., 2014] is likely the reason why the warming in the Northwest Atlantic Ocean and Shelf is not as high as it is in CM2.6. Moreover, CM2.6's ocean component is a 10 km horizontal resolution and appears to resolve Northwest Atlantic Shelf regional circulation more accurately than CM2.5 (25 km ocean).
Confidence in the transient climate response of CM2.6 for the Northwest Atlantic is driven by the model's ability to resolve both its regional circulation (i.e., position of the Gulf Stream) and fine-scale bathymetry (i.e., Northeast Channel). Additional confidence derives from the skillful simulation of the ocean heat budget in CM2.6 relative to CM2.1 and CM2.5 as described in Griffies et al. [2015] . This is based on the assumption that the mesoscale ocean resolution in CM2.6 simulates the ocean heat budget more accurately (i.e., smaller temperature drift) compared to coarser models that rely on parameterizing mesoscale features . However, CM2.6's cold bias in the North Atlantic Current region along with its relatively weak AMOC (compared to observations) may be partially biasing its transient climate response (atmospheric CO 2 doubling) [Winton et al., 2014] . Although the direction of this bias remains unclear, we can only surmise that a stronger AMOC in CM2.6 would lead to a greater AMOC weakening in a transient climate response.
Presently, there are very few global climate models with a high-resolution ocean (10 km) because they are cost prohibitive. Another global climate model with a 10 km ocean component shows some improvement in the path of the Gulf Stream but the separation from the U.S. coast is still too far to the north of Cape Hatteras [Small et al., 2014] and thus regional Northwest Atlantic circulation is not resolved as it is in GFDL's CM2.6. To create ensembles and realize high-resolution model uncertainty, we encourage the continued development of these high-resolution global climate models that include climate change projections.
Enhanced warming of the Northwest Atlantic Ocean and Shelf will have major consequences for the marine ecosystem. Over the past 10 years, the Gulf of Maine has warmed at a rate faster than 99% of the global ocean [Pershing et al., 2015] . This enhanced warming of the Gulf of Maine is associated with a northerly shift in the Gulf Stream [Pershing et al., 2015] , which is similar to our results reported here for GFDL's CM2.6. Contemporary changes in the distribution and species composition of Northwest Atlantic living marine resources [Nye et al., 2009; Pinsky et al., 2013] are already evident, but existing projections [Fogarty et al., 2007; Hare et al., 2012; Lynch et al., 2015] are based on warming scenarios from coarse resolution models. Warming on the scale of 3-48C, as shown in GFDL's high-resolution climate model, will cause more extreme effects on the ecosystem. 
